No enzyme activity could be demonstrated at 100 C at 1 atm; however, at 105 C moderate hydrostatic pressures favored the enzyme reaction, resulting in increased activity. The increased enzyme activity is explained on the basis of pressure counteracting the molecular volume increase which results from elevated temperature. Thermal denaturation studies at 90 C show inorganic pyrophosphatase to be more stable in the presence of cofactor than substrate, and indicate an enyzmecofactor intermediate in the hydrolysis.
Like all proteins, enzymes are subject to denaturation at elevated temperatures, and generally the rate becomes appreciable at 50 C and above with a concurrent molecular volume increase. Increased hydrostatic pressure opposes molecular volume increase and should permit certain enzymes to function above 100 C (Johnson, Eyring, and Polissar, 1954; Kalekar, 1962) .
Malic dehydrogenase activity has been demonstrated at 101 C with moderate pressures (Morita and Haight, 1962) . However, that study employed a cell-free extract as the source of malic dehydrogenase. Furthermore, the nicotinamide adenine dinucleotide employed in their assay system underwent thermal inactivation at 100 C.
In view of the above, inorganic pyrophosphatase was selected for this investigation, because it can be partially purified, requires an inorganic substrate and cofactor, produces an inorganic end product, and has been reported to be relatively heat-stable (Marsh and Militzer, 1956 ).
MATERIALS AND METHODS Partially purified inorganic pyrophospbatase from Bacillus stearothermophilus NCA 2184 was used in this investigation. The growth of cells, enzyme purification method, enzyme assay, and reaction mixture components have been described previously (Mathemeier and Morita, 1964) .
The hydrostatic pressure apparatus used for the incubation of the enzyme at elevated temperatures was described by ZoBell and Oppenheimer (1950) . The pressure cylinders used in this investigation differed in that they were constructed with a metal-to-metal seal between cap and cylinder body to maintain higher temperature and pressure. The cylinders were filled with water and equilibrated at 60 C prior to use. Previous studies (Mathemeier and Mlorita, 1964) were the basis for selection of pyrophosphate-cofactor ratio and concentration in the reaction mixture. The inorganic pyrophosphatase reaction mixture was added to test tubes (10 X 38 mm), carefully stoppered to exclude air bubbles, and placed in inverted position in the temperature-equilibrated pressure cylinder. The cylinder cap was secured and pressure was increased to the desired initial pressure at 60 C. The time required for the completion of the pressurization technique was 3 min; 10 min were required for initial pressure (Pi ) in the cylinder to reach final pressure (Pf ) (Fig. 1) in tap water (ca. 18 C), the pressure was released, the cap was removed, and the reaction mixture (1.8 ml) was added to a chilled tube containing 0.2 ml of trichloroacetic acid (50%, w/v). The release of pressure and transfer required 1.5 min.
The pressurization technique for 90 C followed the same procedure as for 105 C, except that the pressure cylinders were first equilibrated at 90 C.
To demonstrate the effect of heat, the chilled enzyme (2.6 mg/ml) was added to substrate, cofactor, or buffer at the desired temperature. The enzyme dilution was 1:4. At various intervals, 0.5 ml samples were withdrawn and chilled in ice. From the chilled samples, 0.4-ml samples were transferred to the reaction mixture at 60 C. After 15 min of incubation, the reaction was stopped with addition of 0.2 ml of trichloroacetic acid, and assayed for orthophosphate by the method of Fiske and SubbaRow (1925) .
RESULTS
The application of pressure on the inorganic pyrophosphatase reaction at 90 C is illustrated in Table 1 . Slight pyrophosphate hydrolysis occurred at 1 atm and at 1,500 atm. A noticeable increase in enzyme activity was observed at intermediate pressures of 100 to 1,100 atm. Maximal hydrolysis occurred at 500 to 700 atm with a 25-fold increase in activity. Enzyme activity decreased more rapidly at pressures above than below the optimal 500 to 700 atm pressure range.
When the inorganic pyrophosphatase reaction mixtures were subjected to various pressures at 105 C, a 10-min control curve was necessary. It represented the amount of orthophosphate formed during the time interval necessary for the temperature to increase from 60 to 105 C. Although the amount of orthophosphate formed during the interval was relatively high at pressures of 500 to 1,700 atm, a measurable amount of enzymatic pyrophosphate hydrolysis occurred between the 10-and 27-min incubation periods (Fig. 2) . At 1,900 atm the amount of orthophosphate produced in the control period was considerably less than that observed at lower pressures. Noncatalytic rate of pyrophosphate hydrolysis amounted to 0.2 ,umole between the 10-and 27-min incubation periods. This was approximately 3% of the average enzymatic hydrolysis for the 10-to 27-min incubation interval.
Inorganic pyrophosphatase reaction rate studies at 1,700 and 1,900 atm at 105 C indicated that with time there was an increase in hydrolysis of pyrophosphate (Fig. 3 ). An appreciable lag in enzymatic activity was noted at 1,900 atm.
Thermal denaturation studies were conducted at 60, 80, and 90 C with the enzyme in the pres- Na4P207, 9.6 /Amoles; MgCl2, 4.5 /smoles; CoCl2, 12 , umoles. possess small AV values. However, it was noted with the 105 C incubation that optimal pH 7.9 for 95 C could not be used, because of rapid precipitation; rather, the optimal pH 7.7 for 60 C resulted in clear reaction mixtures and pyrophosphatase activity when used with the 90 and 95 C optimal substrate-cofactor. The sharp pH requirement of inorganic pyrophosphatase with cobalt as cofactor necessitated careful selection of pH (Mathemeier and Morita, 1964) .
The pyrophosphatase-catalyzed reaction demonstrated three characteristics at 90 C and various hydrostatic pressures. At 1 atm there was only slight activity. Intermediate pressures of 100 to 1,100 atm at 90 C resulted in increased enzymatic pyrophosphate hydrolysis, indicating that molecular volume increase at 90 C was counteracted by moderate pressures. The relatively consistent 25-fold increase in enzyme activity at moderate pressures to 700 atm was contrasted with the rapid decrease in activity at pressures above 700 atm. The rapid activity loss at higher pressures suggests that the molecular volume of enzyme may be adversely affected, allowing no point of attachment for the substrate (Webb, 1963) . Johnson, Eyring, and Polissar (1954) suggested that at higher pressures (above 1,000 atm), ionization of the buffer and increased electrostriction may result. Thus, the enzyme may no longer be at its optimal pH, or increased ionization of the molecule may result in a volume decrease which is additive on the pressure effect.
At 105 C and increased hydrostatic pressure, inorganic pyrophosphatase catalyzed a measurable hydrolysis above control level (Fig. 2) , although there was no activity at 100 C and 1 atm. At 1,300 to 1,900 atm and 105 C, the enzyme did not undergo complete thermal denaturation, based on an increase of approximately 4 to 320% in enzyme activity above the 10-min control. At the higher pressures, the increase in enzyme catalysis noticeably resulted from decrease in the 10-min control activity. The lower temperature associated with the control period was insufficient to counterbalance the higher pressures, and therefore loss of control activity resulted from increased electrostriction, whereas only slight unfolding of the molecule occurred to oppose it. The rate of pyrophosphatase activity at 105 C and moderate pressure is admittedly low in contrast with the rate at 1 atm and temperatures of 60 to 90 C (Mathemeier and Morita, 1964) . One must also recognize that the enzyme is not operating under optimal temperature conditions, but that a temperature of 105 C does permit enzymatic pyrophosphate hydrolysis.
The extreme heat stability of inorganic pyrophosphatase at 90 C appears to be due to cofactor, not to the substrate, as in yeast pyrophosphatase (Johnson, 1962) , nor to the enzyme itself, as noted with ribonuclease (Smith, 1961) and adenylate kinase (Long, 1961) . The cofactor protection is similar to that found with a heat-stable mesophilic inorganic pyrophosphatase (Johnson and Johnson, 1959) . Protection by cofactor would indicate an enzyme-cofactor intermediate in the catalysis of pyrophosphate hydrolysis, as suggested by Kunitz and Robbins (1961) and Kosower (1962) .
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